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' REFLECTANCE MODEL OF A PLANT LEAF 
R. Kumar and L. Silva 

Laboratory for Applications of Remote Sensing, Purdue University 
1220 Potter Drive, W. Lafayette, Indiana 47906 

Abstract 

A light ray, incident at about 5* to the normal, is 
geometrically plotted through the drawing of the cross section 
of a soybean leaf using Fresnel's Equations and Snell's Law. 

The optical mediums of the leaf considered for ray tracing are: 
air, cell sap, chloroplast and cell wall. The above ray is also 
drawn through the same leaf cross section considering cell wall 
and air as the only optical mediums. The values of the reflec- 
tion and transmission found from ray tracing agree closely with 
the experimental results obtained using a Beckman DK-2A . 
Spectroreflectometer. Similarly a light ray, incident at about 
60° to the normal, is drawn through the palisade cells of a soy- 
bean leaf to illustrate the pathway of light, incident at an ob- 
lique angle, through the palisade cells, 

I. Introduction 

Willstatter and Stoll ( W-S) in 1918, proposed a theory to 
explain reflectance from a leaf on the basis of critical re- 

The work reported in this paper was sponsored by the National 
Aeronautics and Space Administration (NASA) under Grant No. NGL 
15-005-112. 
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flection of visible light at spongy mesophyll cell wall - air 
interfaces. According to several authors (i.e„, Gates et al. 2 
and Gausman et al. 3 ) their experimental results on reflectance 
from leaves seem to have supported the W-S theory. Sinclair 
et al. 1 * gave an excellent review of the reflectance and trans- 
mittance from the leaves, they critically examined the commonly 
accepted tf-S theory and proposed a modification, termed the 
"diffuse reflectance hypothesis/' which is based on diffusing 
reflecting qualities of. cell walls oriented at near perpendicu- 
lar angles. ** They pointed out that the micro fibril structure of 
the cell wall presumably induces the scattering necessary to 
have diffuse reflectance. They presented experimental results 
on both the reflectance and transmittance from various species 
of leaves for both the visible {0.50 to 0.72 pm) and the re- 
flective infrared (0.72. to 1.3 pm) wavelengths, which could not 
be satisfactorily explained by the WHS theory, but which they 
felt could be accounted for on the basis of their hypothesis. 

Myers and Allen 5 explained the K-M (Kubelka - Munk) 
scattering coefficient (of diffuse reflectance) for a typical 
leaf by Fresnel reflections at normal incidence from 35 inter- 
faces along the mean optical path through the leaf. Gausman 
et al. 5 noted that if oblique reflections are considered, fewer 
interfaces account for the results. Knipling 7 emphasized that 
the air spaces within the palisade parenchyma layer of a leaf 

f 

mesophyll may be store important in scattering light than air 
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spaees in the spongy parenchyma layer. Allen ee al ® 8 have 
proposed that the complex structure of the leaf can be simulated 

by a pile of transparent plates with perfectly diffusing 
surfaces. Birth 9 has given an excellent critical review of 
existing concepts on the reflectance from a leaf. He pointed 
out that the work of Sinclair 9 is enlightening in that the 
diffuse character of light in the leaf is shown to start at the 
initial interface. Recently, Kumar * 9 has reviewed much litera- 
ture' pertaining to reflection from leave®,. 

The purpose of this investigation is to compare the 
reflectance of a typical leaf found by tracing the ray of light 
through the leaf with the eseperimentfilly determined reflectance 
values of the same leaf. In addition, the author© would like 
to investigate if considering only cell wall and air as the 
optical mediums in ray tracing leads to good predictions of 
experimentally determined reflectance of the leaf; and if other 
optical mediums — cell sap and ehloroplasts should also be 
included in the ray tracing for significantly better prediction 
of the reflectance. Furthermore, the authors would like to 
create a more realistic illustration to show the pathway of a 
light ray through the leaf than shown by Wills t&t ter and Stoll . 1 

II, Cross Section of the Soybean leaf 

The cross section of the soybean leaf wa© taken from 
Sinclair 9 ® thesis.** This cross section had been obtained by 
Sinclair by micros®®© er@s©*s®ctioning and a Microscopic slide 
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was prepared using the techniques outlined by Jensen, J2 This 
cross section was enlarged. An artist 9 well familiar with the 
cross section of leaves » drew the above mentioned cross section 
on & plain paper showing explicitly the cell walls, cell sap 
and chloroplasts, a part of which is shewn in each ®f Figures 1~$<, 
The cross section of Figure 1 was enlarged in order ft© do 
ray tracing conveniently and accurate ly 0 

m, Reflecftance From a Leaf 

A. Proposed Leaf Re flee eance Model , Hi© f ©Hewing 


I, The leaf i© ©©sumed to consist @£ homogeneous and 
isotropic media — » cell wall, ehl©r©pl®sfts 9 ©ell @ap and 
air, This assumption is made for mathematical simplicity 
so that Fresnel °s Equations can be applied at each inter" 
face , 

2o Geometrical Optics is assumed eo be' valid for the media 
of the leaf mentioned above. This is not quite valid for 
chloroplast® (typical dimensions 5 p £o fl pm in diameter 
and about 1 pm in width I, 2 3 ) where diffraction is likely to 
b® Important. 

3. The Rayleigh and Mie scattering by the leaf constituents 
(of the order of wavelength of light or smaller) is ne- 
glected. Gates 2 pointed out that cell dimensions of & leaf 
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arc generally too large for scattering; however, the 
chloroplasts and grana dimensions are such as to create 
soma scattering (i.e., grana Is about 0.5 pm in length 
and about 0.05 pm in diameter). Scattering could also be 
caused by mitochondria, ribosomes, nuclei, starch grains, 
and other plastlds, etc. It is very hard to take scatter- 
ing into account because the dimensions, distribution and 
refractive indices of these particles in Che leaf cells 
are extremely complex and unknown. 

4. The absorption of light by the leaf media is neglected. 
This is quite valid for most leave® in about 0.7 to 1.3 pm 
wavelength region. Since the leaf media absorb the light 
in the visible wavelengths „ their indices of refraction are 
complex numbers. The model presented here can also be 
applied to the visible wavelengths for Fresnel's Equations 
and Snell's Law are also valid for absorbing media, if one 
uses the appropriate complex index of refraction. 13 

the ray tracing is not done in this manuscript 
for the visible wavelengths since the complex indices of 
refraction of the leaf constituents in these wavelengths 
are not yet known. Also, the ray tracing In the visible 

wavelengths becomes involved because the index of 
refraction, angle of refraction, etc., are complex numbers. 
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5. The two dimensional cross section of a leaf (three 
dimensional leaf) is used for predicting the reflectance 
from a leaf. 

B, Basic Equations . Fresnel’s Equations, Snail’s Law and 
boundary conditions used for determining reflection and refrac- 
tion at an interface are given below. 13 


®l_ sin sia (1) 



2 
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T jl " I II * R ll 


1 * X 1 - R 1 


T„+ t x 


T - 


where 


refractive index of the first tedium 


m ^ “ refractive Index of the second medium 

6. • angle of Incidence 


0 - angle of refraction 

£ 

R,, ® ■ reflection parallel to 


Ej . ® ■ reflection perpendicular £@ th® plan© of £taeid®se@ 

1 o total reflection 

I|j o incident intensity parallel to the pirn® ®£ incidence 

Ij^ ® incident intensity perpendicular to th® plane of 

incidence® 

' Tj| ra transmission parallel to the plan® of incidence 
Xj a transmission perpendicular to the plane ©f incidence 

T « total transmission 


C, indices of Refraction of Leaf Constituents . 

The index of refraction of the air spaces in the leaf cells 
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wavelengths by Index Matching Technique (i.e., The cell wall was 
Infiltrated with various liquids , mostly oils , having varying 
refractive indices. The minimum reflectance wa® noted visually 
with a medium having a refractive Index of 1.52, which was taken 
to be the best approximation to the refractive index of the pots* 
to cell wall.) The potato cell wall was chosen because the homo- 
geneous cell wall can be easily separated from the potato and it 
does not absorb in the red wavelengths. Th© value of the index 
of refraction of the cell wall of the soybean leaf was assumed to 
b® equal to 1.52 for the purpose of ray tracing » as it is likely 
to be close to the refractive index of the potato cell wall. The 

values ©f refractive indices for cell sap ©md chloroplasts were 

** ' i: is 

taken fro® £h®m<ay and Brackett to b© equal. to 1.36 and 1.42# 
respectively. The values of the index of refraction of the leaf 
constituents in the 0,7 um * 1.3 ym region are not available be- 
cause it is quite difficult to measure the refractive indices of 
the leaf constituents by the, Index Matching Technique in the infrarQd 
wavelength region as the human eye cannot see in that, region. 

The value of the real part of the index of refraction of water' 
is roughly the §®a® in the near infrared region 16 (i.e, g 
0.7 ua 1.3 y®) e® in the visible wavelength region within .01. 
Since water is the main constituent of the cell wall e cell sap 
and ehlorop lasts, and since none of these absorb light strongly 
in the 0,7 y® 'v 1.3 y® region, the refractive indices of these 
constituent® were assumed to be the same in the 0,7 ys ^ 1.3 pm 
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region as in the visible wavelength region. 

D. Method of Ray Tracing . The four leaf constituents ~ 

1 ’ '► 

cell wall , ehloroplasts, cell sap and air — give rise to the 
following eight optical interfaces in the leaf all of which 
were considered in the ray tracing: 1) air to cell wall, 

2) cell sap to cell wall, 3) ehloroplasts to cell wall, 

4) cell sap to ehloroplasts, 5) ehloroplasts to cell sap, 

6) cell wall to ehloroplasts, 7) cell wall to cell sap, and 
8) cell wall to air. 

In ray tracing, a ray of light of intensity I,, (intensity. 

m 

parallel to eh® plane of incidence) ® 1,000' B and (intensity 
perpendicular to the plane of incidence) e> l o @@0 ®g about e@ 
the normal was taken. The angle wm take® 5® to the n@ra&l p 
because in the essperimest&l setup with the BIC-2A ©p@e£r®r®fl@e° 
toaster the light ray® were incident at 5® to the leaf normal# 

A tangent and a normal were drawn at the Interface. The angle 
of incidence of the ray wa® measured with a drafting set which 
can measure angles up to an accuracy of S> Minutes. Knowing eh® 
angle of incidence and relative indess ®f refraction ®e the inter- 
face, eh© values of 9 l^ p Tjj 9 and were found ossing 

equation® given in Sae.3B p and the refracted and reflected rays wer^ 
drawn. Similar procedure w®s f ©Honed at the ©s&ssquemt inter- 
face®. Each ray was continued tmfeil it ended up a© reflection 
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os transmission from Che leaf. The rays whose total Intensity 
became less than 0.018 were discontinued to reduce the time and 
efforts required in ray tracing. The light ray passed through 
a total of 253 interfaces (31 air to cell vail, 38 cell sap to 
call wall 9 12 chloroplast to cell vail, 26 cell eap to chloroplast, 
30 chloroplast to cell sap, 17 cell wall to chloroplast, 40 cell 
wall to cell sap and 59 cell wall to' air) out of which total i»= 
teraal reflection took place at 18 call wall-air interfaces <> two 
sell wsll-ehloroplast interfaces 0 and one cell wall-cell sap 
interface. 

Tabl© 1(a) ©hows the values of the reflected and transmitted 
intensity ■ of the ray at the interfaces 0 Only th® rays whose 
total intensity is more than 0.05 are shown in Table 1(a) o The 

<k 

pathway of. the ray in © part of the leaf cross section, as given 
by this model 0 is shown’ by solid lines ia Figure 1 Q The numbers 
©long eft© rays represent their total intensity 0 For (simplicity , 
only the - ray© whose total intensity is more than 0.05 are shown 
in Figure 1. Figure 2 i® a more complete version ©£ Figure 1 
ia that the- rays whose total intensity lies between 0.018 and 
0.05 ©r® also shown in Figure 2. Figure 3 is ® more ' complete 
version of Figure 2 in that some of the rays wh@@® total intensity 

I 

is. less than 0.018 are also shown in Figure 3. 

Ray tracing was also done following the same procedure as 
the one mentioned above for the same original ray of light 
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(I * 1,000 and I. * 1.000) except that only the following two 

Ij J- 

interfaces were considered: 1) air to cell wall and 2) cell wall 

to air. The light ray passed through a total of 144 Interfaces 
out of which total internal reflection took place at 13 cell wall - 
air interfaces. Table 1(b) shows the values of the reflected and 
transmitted intensity of the ray. Only the rays whose total 

v 

intensity is more than 0,05 ore shown in Table 1(b). The path- 
way of the ray considering the above two interfaces , in a part 
of the leaf cross section. Is shown in Figures 1 to 3 by dotted 
lines. It can be seen from Figures 1 to 3 that the light ray 
shown by dotted lines follows quite a different path than that 
shown by solid lines . 

Ray treeing was also don® through eh® dreeing of o part of 
the cross-section of p&lis&d® cells of a soybean leaf, following 
exactly the same procedure reported above. The light ray was 
taken at an angle of about 60® to the leaf normal. The light 
ray was not . drawn through the complete cross section because 
the only purpose of this ray tracing was to ereat a realistic 
illustration showing the pathway of a light ray, incident at an 
oblique angle to the leaf normal, through the palisade cells. 
Tables 1(c) and 1(d) show the values of the reflected and traps- 
ml t ted intensity of the ray at the interfaces in the palisade 
cells considering all the eight interfaces outlined in Section 
111(D), and considering only cell wall - air and air - cell wall 
interfaces, respectively. Only those rays whose intensity is 
more than 0.05 at® shown in Tables 1(c) and 1(d). Figure 4 
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show® eh© pathway of light through the palisade cells exactly 
similar to Figure 1 (which shows the pathway of light through a 
leaf cross section). Only the rays whose total intensity is rnor© 
than 0.05 are shown in Figure A. Figure 5 is a ®9r® complete 
version of Figure 4 in that some of the rays whose Intensity is 
less than 0.05 are also shown in Figure 5 for illustration. 

It can be understood from Figures 3 and 5 that if one takes 
a number of parallel rays incident on the leaf , each ray will eEs*'’ 
counter different geometrical internal surfaces and consequently 
'will be reflected and transmitted .in- different direction®. That 
is how a collimated beam of light incident on the leaf keeps on 
becoming diffuse slowly as it passes through th® leaf. The 
greater the number of interfaces th® light ray® eneosanter in 
their path* the mere diffua© the rays are likely to fee. Th© 
pathway of light rays as envisioned by Willseatter and Stoll 
is shewn in Figure 6, It can be seen from Figure 6 that 
th® light rays pas® through the epidermis and palisade cells 
without any deviation e which is unrealistic. Furthermore 0 
Willatatter and Stoll did not show the reflection of light at 
air - cell wall interfaces, and at cell wall - air interfaces . 
at angles of incidence less than the critical angle. The 
authors would like to emphasise that although cell wall - air 
interface causes more deviation of the ray than any other 
single interface for a given angle of incidence, and is perhaps 
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the most important interface for contributing to the reflection 
from the leaf, the other interfaces can also contribute 
significantly to the reflection from a leaf (Figure 7)» 

It seems that Che reflection of light in the near Infrared 
wavelengths (0.7 * 1.3 wu) from a typical leaf is likely to be 
more diffuse than its reflection In the visible wavelengths. 

This is because the near infrared light rays are likely to pass 
through many more interfaces of the leaf (because of almost no 
absorption of light in the near infrared wavelengths) chan eh© 
corresponding light rays of the visible wavelengths. Also, the 
transmission from a leaf in the visible as well ®a near infrared 
wavelengths is likely to be fairly diffuse because $ fcypie&l 
light ray has t® pass through a fairly large nurfs@r ®£ inters 
faces before it is transmitted. These qualitative conclusion® 
support the experimental results of Breee® md Holms® 1 7 on 
healthy green soybean and com leaves. 

IV. Experimental and Ray Tracing Results 

The value of reflection found by Sinclair*^ using a 
Beckman BK~2A Spectroreflectome.ee r on the same leaf, whose et©s© 
section Is shown in Figure 2, in the 0.7 ^ 1.3 P® region, was 
47%. Transmission ■ 100 - 47 « 53% (because ebsorption of a 
leaf is almost equal to 0 in the 0.7 * 1.3 ym wavelength region). 
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Ray Tracing Results 

Note; The values of (reflection + transmission) found were 
assumed to be 100%. 

Reflection (using 8 interfaces “ 45.6% 
mentioned in sec. Ill D) 

Transmission (using 8 Interfaces ■ 54.4% 
mentioned In sec. Ill D) 

Reflection (using air - cell wall ■ 30,3% 
and cell wall - air interfaces) 

Transmission (using air - cell wall ■ 69.7% 
and cell wall - air Interfaces) 

r . 

Experimental results of Woolley 18 on the soybean leaves 
strongly support these ray tracing result®. Woolley found the 
reflectance of a soybean leaf In 0.7 ^ 1.3 pm wavelength region 
to be about 47 percent. But after the soybean leaf was vacuum 
infiltrated with oil of refractive index 1.48, which essentially 
eliminated the ©ir to cell wall and cell wall t® air interfaces 
©nly 9 its reflectance dropped to about 15 percent. This 
experiment clearly shows that the reflectance caused by the 
discontinuities in the indices of refraction of the geometrical 
surfaces (of the dimensions much larger than the wavelength of 
light) is significantly more than the reflection caused due to 
Rayleigh and/or Hie scattering by the particles (of the order of 
wavelength of light or smaller) inside the leaf cells because 
the reflectance caused by scattering should essentially remain 
unchanged after the leaf is vacuum infiltrated with oils of 
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different refractive indices. Furthermore, It seems to support 
our conclusion "optical Interfaces other chan the cell vail to 
air and air to cell vail can contribute significantly to the 
reflection from a leaf." 

V. Concluding Remarks 

The preliminary conclusions, yet to be confirmed by 

further ray tracing, and experiments are* considering only cell 

wall - air and air - cell wall interfaces seems to underestimate 

the reflection and overestimate the transmission from a leaf. 

significantly In thla particular ease* Considering all the 

eight interfaces mentioned in Section 111 S 0 ray tracing seem e@ 

( 

give results very close to the experimental results. Further” 
more, considering only cell wall - air and air - cell wall 
interfaces is likely to give less diffuse reflectance and 
transmittance than that given by considering all the eight 
interfae.es. There is some contribution to the reflection from 
a leaf due to Kay lei gh and Ml© scattering caused by the. parti” 
eles (of the order of the wavelength of light or smaller) in eh® 
leaf cells but the reflection caused by the leaf constituents ■» 
cell walla, cell sap & chloroplasts, and air, as given by the 
geometrical optics, is probably more significant than the re- 
flection caused by scattering. Gates 2 pointed out that what" 
ever scattering does exist is probably more of the Mle type than 
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the Rayleigh type because the scattering phenomena is not 
strongly wavelength dependent. The model presented here can 
also be applied to the visible wavelengths if the appropriate 
complex indices of refraction of the leaf constituents in the 
visible wavelengths are known. The authors believe that the 
model of a leaf presented in this article is more complete and 
realistic than as proposed by Wills tatter and Stoll , 1 It 
supports the experimental results of Breece and Holmes , 17 and 
Woolley. 1 ® 

For important assistance with this work we wish to thank 
Prof. R. M. Hoffer and Prof. M. M. Schreiber of Purdue 
University, and Ur. G. S. Birth of Russell Research Cent®?, 
formerly with Purdue University, We also wish to thank 
Dr, T, R, Sinclair of Duke University, formerly with Purdue 
University, for letting us use his experimental results on the 
reflectance of the leaf. 
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Figure 1. Pathway of light ray through the leaf cross section. 

R denotes the reflected ray. Solid lines show the pathway of 
light considering cell wall, chloroplasts, cell sap and air as 
the optical mediums . Dotted lines show the pathway of light 
considering only cell wall and air as the optical mediums. The 
nunfoers along the rays denote their total intensity. The rays 
whose total Intensity is less than 0.05 are not shown. 
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Figure 2. Pathway of light ray through the leaf cross section. 

R denotes the reflected ray. Solid lines show the pathway of 
light considering cell wall, chloroplasts , cell sap and air as 
the optical mediums. Dotted lines show the pathway of light 
considering only cell wall and air as the optical mediums. The 
numbers along the rays denote their total intensity. The rays 
whose total intensity is less than 0.018 are not shown. 
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Figure 3. Pathway of light ray through the leaf cross section. 

R denotes the reflected ray. Solid lines show the pathway of 
light considering cell wall, chloroplasts , cell sap and air as 
the optical mediums. Dotted lines show the pathway of light 
considering only cell wall and air as the optical mediums. 

The numbers along the rays denote their total intensity. All 
the rays whose total intensity is more than or equal to 0.018 
are shown. Some of the rays whose total intensity is less 
than 0,018 are also shown. 
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Figure 4, Pathway of light through the palisade cells. R 
denotes the reflected ray. Solid lines show the pathway of 
light considering cell wall, chloroplasts , cell sap and air as 
the optical mediums. Dotted lines show the pathway of light 
considering only cell wall and air as the optical mediums. The 
numbers along the rays denote their total intensity. The rays 
whose total intensity is less than 0.05 are not shown. 
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— — Intensity below 0.05 


Figure 5* Pathway of light ray through the palisade cells. 

R denotes the reflected ray. Solid lines show the pathway 
of light considering cell wall, chloroplasts , cell sap and 
air as the optical mediums. Dotted lines show the pathway 
of light considering only cell wall and air as the optical 
mediums. The numbers along the rays denote their total in- 
tensity. All the rays whose total intensity is more than 
or equal to 0.05 are shown. Some of the rays whose total 
intensity is less than 0.05 are also shown. 
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Figure 6* Pathway of light through a leaf as envisioned by 
Willstatter and Stoll theory. 

(Taken from Sinclair 4 ) 



Reflectance 
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m= Relative Index of Refraction 



Figure 7. Reflectance vs. Angle of Incidence for Optical Interfaces 
of a Leaf 
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Nomenclature for Tables 1(a) to l(d) 

Tables l(a) to 1(d) show the intensity of the reflected ray and 
the transmitted ray at each interface- The total intensity of the 
incident ray is taken to be 1,000, The rays whose total intensity 
(reflected and transmitted) is less than 0,05 are not shown in the 
tables * 


Ik 

INCIDENT LIGHT I 



Rjl = reflection l| to the plane of incidence 
R^ = reflection X to the plane of incidence 
T ;| = transmission !] to the plane of incidence 
T x = transmission X to the plane of incidence 

R = denotes that the ray has ended up as reflection 
T = denotes that the ray has ended up as transmission 
t = denotes total internal reflection 

xx - denotes that the ray is discontinued in the table because 
its total intensity is less than 0 , 05 . 

denotes that the value of intensity is less than 0-0005 

AW Air to Cell Wall 
SW Cell Sap to Cell Wall 
CW Chloroplasts to Cell Wall 
SC Cell Sap to Chloroplasts 
CS Chloroplasts to Cell Sap 

WC Cell Wall to Chloroplasts 

WS Cell Wall to Cell Sap 

WA Cell Wall to Air 




Table 1(a)* The values of the reflected and transmitted intensity of the 
ray at each interface of the leaf cross section * The rays 
whose total intensity (reflected + transmitted) is less than 
0,05 are not shown in the table. The optical mediums con- 
sidered are cell vail, chloroplasts , cell sap and air. The 
pathway of light rays whose intensity is given in this table, 
is shown by the solid lines of Figure 1. 



.100 










Table 1(b). The values of the reflected and transmitted intensity of 
the ray at each interface of the leaf cross section. The 
rays whose total intensity (reflected + transmitted) is 
less than 0.05 are not shown in the table. The optical 
mediums considered are cell wall and air. The pathway of 
light rays whose intensity is given in this table, is 
shown by dotted lines of Figure 1. 
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Table 1(c). The values of the reflected and transmitted intensity of the 
ray at each interface of the palisade cells. The rays whose 
total intensity (reflected + transmitted) is less than 0.05 
are not shown in the table. The optical mediums considered 
are cell wall, chloroplasts , cell sap and air. The pathway 
of light rays whose intensity is given in this table, is 
shown by the solid lines of Figure U. 










Table l(d) . 


The values of the reflected and transmitted intensity of 
the ray at each interface of the palisade cells. The rays 
whose total intensity (reflected + transmitted) is less 
than 0.05 are not shown in the table. The optical mediums 
considered are cell wall and air. The pathway of light 
rays whose intensity is given in this table, is shown by 
the dotted lines of Figure h. 
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